[1] A laterally integrated advection-diffusion two-dimensional model was implemented to simulate the spatial distribution of dissolved oxygen and the development of hypoxic conditions in the deep waters of the Laurentian Channel (Estuary and Gulf of St. Lawrence, Eastern Canada). Our simulations reveal that the horizontal distribution of dissolved oxygen in the bottom waters of the Laurentian Channel is determined by a combination of physical and biogeochemical processes, whereas its vertical distribution is governed by the deep water circulation. This result strongly suggests that the physics of the system and the source water properties are mostly responsible for the generation of a mid-water column oxygen minimum and the oxygen distribution pattern in the deep water column.
Introduction
[2] Hypoxia ([O 2 ] < 62.5 mmol L À1 ) results from complex interactions between physical and biogeochemical processes [Peña et al., 2010] . In coastal environments, eutrophication is often identified as the main cause of hypoxia. Nutrient discharge by rivers sustains high surface water primary production which, in turn, is exported to deep waters and serves as a sink for dissolved oxygen [Cloern, 2001] . Nevertheless, physical conditions limiting water ventilation (e.g., stratification) or remote advection of oxygen-poor water under a persistent pycnocline are also necessary for the development of hypoxia [Diaz and Breitburg, 2009] . Hypoxic conditions are reported in numerous fjords (e.g., Framvaren Fjord, Saanich Inlet) and semi-enclosed seas (e.g., Baltic Sea) where persistent stratification prevents the ventilation of deep waters [Özsoy and Ünlüata, 1997] . Given the global spread of hypoxia and its impacts in coastal ecosystems [Diaz, 2001; Gilbert et al., 2010] , we need to understand processes controlling hypoxic conditions, especially the relative contribution of physical and biogeochemical processes that regulate the development of hypoxic bottom waters.
[3] The deep waters (>250 m) of the Lower St. Lawrence Estuary (LSLE) (Figure 1 ) have been hypoxic since the mid1980s [Gilbert et al., 2005] . The bathymetry of the LSLE is marked by the presence of a deep channel, the Laurentian Channel, that extends from Tadoussac to the edge of the eastern Canadian continental shelf. The persistence of hypoxic conditions in the LSLE results from the year-round stratification of the water column and the estuarine circulation pattern. Throughout most of the year, the water column in the Laurentian Channel is characterized by three distinct layers [Dickie and Trites, 1983] : (1) a 25-50 m deep surface layer of low salinity (27-32) flowing seaward, (2) a 50 to 100 m thick intermediate layer of cold (À1 to 2 C) and saline (31.5-33) water flowing landward from the western Gulf [Saucier et al., 2003] , and (3) a deep layer that extends to depths of 350 m or more with warmer (4-6 C) and saltier (34-34.6) water flowing landward. The surface layer displays large seasonal variations in temperature and salinity due to atmospheric and buoyancy forcing. In winter, as tributary flow decreases and ice is formed, this layer becomes progressively colder and denser until it merges with the cold intermediate layer (CIL) [Galbraith, 2006; Gilbert and Pettigrew, 1997] . The CIL is separated from the bottom waters by a permanent pycnocline that inhibits the ventilation of deep waters [Bugden, 1991; Craig and Gilbert, 2008; Tee, 1989] . The deep waters originate from the edge of the continental shelf, enter the Gulf through Cabot Strait and travel landward to Tadoussac (Figure 1 ) where they are tidally upwelled due to an abrupt change in bathymetry (from 350 to $35 m) [Gratton et al., 1988] . They are a mixture of cold and oxygen-rich Labrador Current Water (LCW) and warm oxygen-poor North Atlantic Central Water (NACW) whose proportions vary on a decadal or secular time scales [Bugden, 1991; Gilbert et al., 2005] . Given that the bottom waters are isolated from the surface waters and atmosphere by a permanent pycnocline, dissolved oxygen in the bottom waters 1 can only be replenished by diffusion from the oxygenated surface layer and by landward advection from the oxygenated Atlantic waters [Bugden, 1991] .
[4] The transport of a tracer in the bottom waters of the Laurentian Channel can be described by a simple advectiondiffusion equation [Bugden, 1991] . Thus, variations of the bottom water dissolved oxygen concentration along the Laurentian Channel can be modeled as a laterally averaged 2-D fluid influenced by horizontal and vertical diffusion as well as horizontal advection [Benoit et al., 2006] (see Figure 2 for a description of their model). With this simple model, Benoit et al. [2006] successfully generated hypoxia in the LSLE but could not reproduce the tongue of oxygen minimum water that is observed between 250 and 275 m depth or along the s t ≈ 27.25 kg m À3 isopycnal (Figure 3 ). They made two major simplifications which could explain the lack of fine-scale vertical structure in their model simulations: (1) they applied a constant advection velocity (the bathymetry was flat and the vertical advection was null) and (2) assumed that the only significant oxygen sink was the sediment (benthic respiration), i.e., they neglected pelagic (water column) respiration (Figure 2 ). In a recent study, Lehmann et al. [2009] reported that pelagic respiration may account for up to 40% of the oxygen consumption in the deep waters of the Laurentian Channel. Hence, to reproduce the distribution of dissolved oxygen concentrations throughout the LSLE as well as identify and determine the relative contributions of the processes responsible for the generation of this mid-water column oxygen minimum, we developed a simple 2-D numerical model that includes both pelagic and benthic oxygen respiration and in which we implemented a more realistic bathymetry of the Laurentian Channel.
Model Description
[5] Our numerical model is a 2-D representation of oxygen transport in the bottom waters of the Laurentian Channel, where the advection and diffusion of dissolved oxygen, respectively from the Atlantic Ocean and the surface waters, are counterbalanced by benthic and pelagic respiration (Figure 4 ). The bottom waters flow landward from Cabot Strait and upwell at the head of the Laurentian Channel (Figure 1 ). Cabot Strait and Station 25, respectively, correspond to the eastern and western boundaries of the model, where the bottom waters extend from the permanent pycnocline at 150 m to the seafloor. Station 25 was set as the western boundary because of its location before the abrupt change in bathymetry, allowing us to neglect the influence of upwelling in the water circulation landward of this station.
Oxygen Transport
[6] As proposed by Bugden [1991] and applied by Benoit et al. [2006] , the transport of oxygen in the bottom waters of the Laurentian Channel was represented by a 2-D advectiondiffusion equation: where K is a diagonal matrix of eddy diffusivity coefficients, u is the velocity vector and SMS is the source minus sink term due to the biogeochemical processes. The solution to equation (1) is simplified by making the following assumptions about the flow:
[7] 1. The system is assumed stationary since the properties of the bottom waters vary mainly on decadal to secular time scales [Benoit et al., 2006; Gilbert et al., 2005; Koutitonsky and Bugden, 1991] .
[8] 2. The deep waters of the Laurentian Channel are considered as a laterally averaged 2-D uniform fluid [Bugden, 1991] , with a vanishing cross-channel velocity. We also assume that the funnel effect (slowly changing depth) will only affect the vertical and along-channel velocity components. [9] 3. The upper boundary of the model (at 150 m) is considered rigid so that the advection velocity depends on the transport at Cabot Strait, the water column height, and the width of the channel. The horizontal velocity was calculated from the transport with a variable depth and constant width (Table 1, equation (3)). The Laurentian Channel width was assumed constant with depth: the V-channel is approximated as a U-channel [Bugden, 1991] . The width of the Laurentian Channel was also assumed constant between Cabot Strait and Station 25 since it is nearly constant over four fifths of its length (from Cabot Strait to the mouth of the LSLE). The bathymetry follows the maximum depth along the central axis of the Laurentian Channel from Station 25 (300 m) to Cabot Strait (525 m) at a 1-km spatial resolution. The bottom topography data were provided by the Canadian Hydrographic Service of Fisheries and Oceans Canada. The vertical velocity was computed from the continuity equation (Table 1 , equation (4)) and satisfies the boundary conditions at the pycnocline and the sediment-water interface (Table 1 , equations (7) and (9)), so that the component of the total velocity (u, w) perpendicular to the boundary is zero at the bottom [LeBlond and Mysak, 1978] .
[10] 4. The horizontal diffusion coefficient K x is enhanced to reflect the impact of the cross-channel flow [Benoit et al., 2006; Bugden, 1991] . This coefficient is assumed constant in the bottom waters and is calculated from the mean advection velocity and the channel width, as proposed by Bugden [1991] (Table 1 , equations (5) and (6)).
[11] Under these assumptions, equation (1) simplifies to: Table 3 . 
W is the channel width
120 Kl (5) u is the mean advection velocity along the Laurentian Channel and K l is the lateral diffusion coefficient [see Bugden, 1991] . Substituting equation (3) into equation (5), we obtain equation (6)
H is the averaged deep water column height along the Laurentian Channel Tables 2 and 3 for undefined parameters and variables.
Boundary Conditions
[12] Note that the SMS term from equation (1) was replaced by R wc , which corresponds to the sink induced by pelagic respiration; the benthic sink does not appear in the transport equation since it is included in the model as a boundary condition at the sediment-water interface (see Table 1 , equation (10) and sections 2.2.2 and 2.3). K z represents the constant vertical diffusion coefficient ( Table 2 ). The variables (x, u) and (z, w) are used for the horizontal and vertical positions and velocity components, respectively. For other parameter and variable descriptions, see Tables 1, 2 Figure 1 ). The respiration rate was assumed equally distributed in this water layer (19.6 mmol m À3 yr À1 ) and the latter value was assigned to the pelagic sink value R wc (equation (2)) over the entire model domain. R wc is assumed to be invariant with depth (z) and distance (x), as implemented in previous studies [Savenkoff et al., 1995 [Savenkoff et al., , 1996 . The latter authors showed that the pelagic respiration rate is constant with depth from 150 m to the sediment-water interface throughout the Lower Estuary and the Gulf of St. Lawrence. Based on ETS (electron transport system) measurements, they estimated that about 40 mmol O 2 m À3 yr
À1
are consumed in the Lower Estuary whereas between 35 and 55 mmol O 2 m À3 yr À1 are consumed in the Gulf at depths below 150 m. ETS measurements are known to overestimate respiration in marine water [Packard, 1985; Vosjan and Nieuwland, 1987; Vosjan et al., 1990 ], but Packard [1985] empirically demonstrated that the R:ETS (respiration to ETS) ratio is equal to 0.75 for bacteria. Accordingly, we applied this ratio to correct the measurements of Savenkoff et al. [1995 Savenkoff et al. [ , 1996 and derived an averaged respiration rate of 32.5 AE 7.8 mmol O 2 m À3 yr À1 , within a factor of two of the rate (19.6 AE 5.6 mmol O 2 m À3 yr À1 ) derived by Lehmann et al. [2009] .
Benthic Respiration
[14] Benthic oxygen fluxes measured along the Laurentian Channel [Anschutz et al., 2000; Katsev et al., 2007; Silverberg et al., 2000] display as much spatial variations at the small-scale (1 m; within the sampling diameter of a multicorer) than at larger spatial scales (50-100 km; i.e., between stations) and show no clear trend from Station 25 to Cabot Strait ( Figure 5 ; for details see G. Chaillou et al., Fluxes and distributions of dissolved oxygen, nitrate, phosphate, iron, and manganese in Laurentian Trough sediments exposed to different bottom water oxygen concentrations, submitted to Aquatic Geochemistry, 2011), despite documented variations in the nature (terrestrial:marine) and accumulation rates of organic matter along the Laurentian Channel [Colombo et al., 1996a [Colombo et al., , 1996b Lucotte et al., 1991; Muzuka and Hillaire-Marcel, 1999; Silverberg et al., 2000; Smith and Schafer, 1999 ] (see Table 3 in Benoit et al. [2006] for a compilation of organic carbon accumulation rates). Hence, we assumed that the oxygen uptake rate from the sediment is constant along the Laurentian Channel (Table 1, equation (10)).
[15] The spatially averaged oxygen flux derived from sediment core incubations (1374 AE 624 mmol O 2 m À2 yr À1 ) is 2.5 times smaller than the benthic respiration estimated by Lehmann et al. [2009] (3540 AE 560 mmol O 2 m À2 yr À1 ). We believe that benthic oxygen fluxes measured from sediment core incubations might underestimate the sediment oxygen demand because of sampling artifacts. Glud et al. [1994] showed that total oxygen uptake rates measured in the laboratory were lower than those measured in situ because of underrepresentation and disturbance of the macrofauna. Variability of macrofauna density in incubation experiments, carried out on multiple sediment cores recovered from the same station, might also explain the high intrasite variability in oxygen uptake rates (Chaillou et al., submitted manuscript, 2011) . Consequently, we chose the benthic respiration rate estimated by Lehmann et al. [2009] as a boundary condition for the benthic oxygen flux. Hence, both the pelagic and benthic respiration rates used in our model were estimated by the same method (i.e., modeling of the dissolved oxygen isotope compositions). (8) and (13)). Since the system is stationary, these boundary conditions were applied as initial conditions within the model domain for all variables (Table 1 , equation (14)). At the head of the Estuary (Station 25), the boundary is open as the numerical grid ends but fluid motion remains unrestricted [Chapman, 1985] . We impose a no-gradient Neumann condition:
¼ 0: Dirichlet conditions were imposed at the three other boundaries (at Cabot Strait, along the pycnocline and at the sediment-water interface).
Tuning of Physical Parameters
[17] In order to tune the physical model parameters, simulation runs were performed with physical parameters (F 0 , u, W, K x , K z ) whose assigned values covered the range reported in the literature (Table 4 ). The outputs of these simulations were compared statistically to a reference state chosen to be the 2002-2010 oxygen climatology ( Figure 6 ). The climatology was preferred to a specific-year transect to neglect small seasonal and inter-annual variabilities since temporal variations are not represented in our steady state model. The similarity between the model output and the climatology is quantified in terms of the mean (M), the bias (M model -M data ), the root mean square (RMS) difference, the centered pattern RMS difference (E′ = √(RMS 2 À bias 2 )), the standard deviation (s) and the correlation (R). The statistical information (s, R, E′) is summarized on a Taylor diagram [Taylor, 2001] , which graphically summarizes how closely a pattern (or a set of patterns) matches observations (Figure 7 ).
Using the benthic and pelagic respiration rates estimated by Lehmann et al. [2009] , the model best fit (simulated dissolved oxygen concentrations) to the observations (identified as model-ref in Figure 7) is given for the parameter values listed in Lehmann et al. [2009] , the best fit to the data is given for a transport F 0 = 0.035 Sv (1 Sv = 10 6 m 3 s À1 ), corresponding to an averaged alongchannel advection velocity of 0.17 cm s À1 (not shown). This advection velocity is much smaller than the values computed by Bugden [1991] (0.5 cm s À1 ) and Gilbert [2004] (1.0 cm s À1 ) from the temperature field, further supporting the hypothesis that oxygen fluxes derived from sediment core incubations might be underestimated.
Model Implementation
[19] The model was implemented within the Matlab ® programming environment using the finite element code for elliptic equations from their Partial Differential Equations Toolbox [MathWorks, Inc., 2006] . The toolbox has also a function for global, uniform mesh refinement. The refinement ends when each triangle contributes less than 10 À3 , the preset tolerance. More details on the finite element method may be found in Johnson [1987] .
Model-Data Comparison
[20] Our model properly reproduces the spatial distribution of dissolved oxygen in the bottom waters of the Laurentian Channel (Figures 6 and 8) . The simulated oxygen concentration decreases as the bottom waters travel landward and reaches the hypoxic threshold in the LSLE. The vertical modeled-profiles of oxygen reproduce the observed Figure 5 . Dissolved oxygen flux at the sediment-water interface measured from sediment core incubations (black symbols); derived from the dissolved oxygen isotopic composition (green lines) and calculated from the carbon rain rate with a simplified diagenetic model (blue dots).
oxygen minimum between 250 and 275 m depth (Figure 8 ). In agreement with the climatology (Figure 6 ), the oxygen minimum depth increases with the water column thickness (Figure 8 ). Nevertheless, from Station 17 to Cabot Strait, the simulated oxygen concentration is underestimated in the first tens of meters below the pycnocline. This small discrepancy is caused by our choice of boundary conditions, i.e., setting the dissolved oxygen concentration at a fixed value of 170 mmol O 2 m À3 along the pycnocline while, in reality, it is $215 mmol O 2 m À3 between Station 17 and Cabot Strait (Figure 6 ). Despite the simplified representation of the deep water circulation, the compatibility of the modeled and observed oxygen concentrations confirms that dissolved oxygen is only provided to the bottom waters of the Laurentian Channel through advective and diffusive processes, as proposed by Bugden [1991] . Figure 1 LEFORT ET AL.: HYPOXIA IN THE LSLE C07018 C07018 7 of 14 model-ref (Figure 8 ). Sensitivity analysis results are presented on Taylor diagrams (Figure 9 ) [Taylor, 2001] .
Sensitivity Analysis

Physical Parameters
[22] Tested physical parameters included the transport (F 0 ), the coefficient of vertical diffusion (K z ) and the channel width (W), since a modification of any of these values can potentially change the oxygen transport mode. Indeed, the along-channel advection rate of oxygen varies with the water advection velocity, which changes if either F 0 or W is modified (Table 1, equations (3) and (4)). The horizontal diffusion rate of dissolved oxygen varies with the horizontal diffusion coefficient (K x ), which changes with F 0 (Table 1, equation (6)). Finally, the vertical diffusion of dissolved oxygen varies with K z . The vertical diffusion coefficient was varied between 0.1 cm 2 s À1 , a typical value for the deep ocean [Ledwell et al., 1993] , and 5 cm 2 s À1 , a value that reflects intense vertical mixing [Large et al., 1994] . The reference transport value was varied from 0% to 100% to include the range of horizontal advection velocities estimated by Bugden [1991] and Gilbert [2004] , respectively. The channel width was varied from 50 km to $105 km to encompass the true range from the Lower Estuary to Cabot Strait. Refer to Table 5 for the range of parameter values. 
Here, ref stands for reference: F 0 = 0.11 Sv (Sverdrup: 10 6 m 3 s À1 ), W = 97.5 km and K z = 1 cm 2 s À1 ; u; u min and u max are, respectively, the spatially averaged, the minimum and the maximum advection velocities. Refer to Table 2 for other parameters values. Figure 5 ).
[23] An increase of the horizontal diffusion coefficient (represented on Figure 9a by the distance between the yellow and green symbols at a same advection velocity, i.e., compare yellow triangle with green square and yellow diamond with green triangle) enhances the oxygenation of the bottom waters but has the smallest impact of the three tested physical parameters (i.e., advection velocity, horizontal and vertical diffusion coefficients) on the oxygen distribution. As variations in the transport (Figure 9a , green symbols) embrace variations of the advection velocity and the horizontal diffusion coefficient, they have a greater influence on the oxygen distribution than variations of the advection velocity (yellow symbols) or horizontal diffusion alone. The linear variation of the three statistic metrics (s, R, E′), combined to high correlation coefficients (>0.977) and high bias (Figure 9a , green symbols) between model simulations and model reference, reveal that variations in the transport slightly modify the shape of the oxygen profile (i.e., vertical distribution) but greatly impact the oxygen concentrations throughout the Channel (i.e., horizontal distribution): the higher the transport, the higher the advection velocity, the higher the dissolved oxygen renewal rate and concentrations. In contrast, variations of the vertical diffusion coefficient (Figure 9a , black symbols) modify both the shape of the profiles (high variations of the three statistic metrics (s, R, E′)) and the dissolved oxygen concentrations (high variations of the bias). Hence, the vertical diffusion seems to be the physical parameter that influences most the dissolved oxygen distribution. Results of our sensitivity analysis agree with those of Benoit et al. [2006] who showed that, in the LSLE, the dissolved oxygen concentration is very sensitive to vertical mixing when the vertical eddy diffusivity, K z , is smaller than 3 cm 2 s À1 . Consequently, the vertical diffusion coefficient, K z , needs to be better constrained. For reasonable variations of the physical parameter values (i.e., À55 to 120% for vertical diffusivity, 0 to 20% for the transport and À20 to +5% for the channel width), the discrepancies between the spatially averaged modeled and observed oxygen concentrations are less than 15%.
Biogeochemical Parameters
[24] Benthic and pelagic respiration rates were varied in order to estimate their impact on the dissolved oxygen distribution. This is equivalent to modifying the location and strength of the oxygen sinks. In our simulations, the pelagic and benthic respiration rates were varied either independently or simultaneously. The benthic respiration rate was varied between 750 and 3960 mmol O 2 m À2 yr À1 (i.e., À80 to +12% from the reference) , whereas the pelagic respiration rate was varied between 15.4 and 40.3 mmol O 2 m À3 yr À1 (i.e., À21% and +105% from the reference). The chosen ranges cover realistic variations estimated by Lehmann et al. [2009] (green symbols on Figure 9b ), the range of estimated benthic and pelagic respiration measurements (open black symbol on Figure 9b ), as well as the influence of a spatially variable benthic respiration (filled yellow symbols on Figure 9b ; the function F O2 = f(x) is plotted on Figure 5 (blue dots) and has a spatially averaged value of 4365 mmol O 2 m À2 yr À1 ). The range of respiration rates estimated from direct measurements (incubations and ETS) is shown to give the best possible representation of the impact of biogeochemistry on the oxygen distribution even though it yields improbable, much smaller benthic:pelagic respiration rate ratios (<1) than the value (1.5) estimated by Lehmann et al. [2009] . The simulations with either benthic or pelagic respiration alone are presented for information (filled black symbols on Figure 9b ). Refer to Table 6 for the range of respiration values.
[25] Within the range investigated, the respiration rates have little impact on the spatial dissolved oxygen distribution pattern, but mostly affect the absolute oxygen concentrations. With the more realistic bathymetry, the oxygen minimum is always generated regardless of the location or the strength of the oxygen sink (excepted when both benthic and pelagic sinks are null), and its location within the water column varies at most by 15 m. The greatest variation in the depth of the oxygen minimum occurs when either benthic or pelagic respiration are null (respectively filled black triangle and filled black circle and diamond on Figure 9b) , and although such a situation is unrealistic, the correlation coefficient between the simulated and reference oxygen À2 yr À1 , filled yellow diamond on Figure 9b ). The minimal total respiration rate is smaller than the estimated benthic respiration rate (3540 mmol O 2 m À2 yr À1 , filled black circle on Figure 9b ) and, thus, too low to be considered as a plausible situation. Variations of the benthic respiration rate along the channel do not significantly affect the distribution and concentration of dissolved oxygen in the bottom waters (filled yellow symbols on Figure 9b ). The modeled dissolved oxygen concentrations mostly depend on the strength of the total oxygen sink, and for reasonable values of the oxygen sinks (i.e., between 4390 and 7015 mmol O 2 m À2 yr À1 ), the discrepancy between the spatially averaged modeled and observed oxygen concentrations is less than 11%.
Interpretation and Implication of the Oxygen Minimum
[26] In order to explain the generation of a mid-water column oxygen minimum, we examined the mechanisms governing the spatial distribution of dissolved oxygen in the deep waters of the Laurentian Channel by establishing an oxygen mass budget in two sub-domains divided by the 275 m depth (Figure 10) , corresponding approximately to the oxygen minimum (Figure 8 ). The budget allows us to identify which process drives the oxygen supply, sink and transport, and thus improves our understanding of the role of each physical process on the spatial distribution of dissolved oxygen. We focus on the role of physical processes in the bottom waters of the Laurentian Channel because results of our sensitivity analysis (see section 4) show that the dissolved oxygen concentrations and distribution pattern are much more sensitive to variations of physical than biogeochemical parameters, and that the latter only slightly modify the position of the oxygen minimum. [27] Apart from the horizontal diffusion, which makes a small contribution to the oxygen budget regardless of the location along the channel, the transport modes above and below the oxygen minimum change considerably (Figure 10 ). Above the oxygen minimum, dissolved oxygen is supplied by both vertical diffusion and vertical advection, and is lost by horizontal advection. Below the oxygen minimum, it is the opposite: oxygen is mainly supplied by horizontal advection, while it is lost by vertical diffusion across the sediment-water interface because of benthic respiration and by vertical advection across the oxygen minimum because of an upward vertical advection. Due to the Tables 5 and 6 for corresponding values) within the possible ranges of parameters. The bias (M model -M data ) is expressed in mmol O 2 m À3 . In Figure 9a , the transport variations are represented in green; the vertical diffusion coefficient variations are represented in black; the channel width variations, impacting the horizontal advection velocity (see text for more details), are represented in yellow. Benthic and pelagic respiration rates are fixed to their reference values at À3540 mmol O 2 m À2 yr À1 and À19.6 mmol O 2 m À3 yr À1 , respectively. In Figure 9b , the pair of numbers in brackets represents variations of the pelagic and benthic respiration rates from the reference values. Physical parameters are fixed to their reference values: F 0 = 0.11 Sv, W = 97.5 km and K z = 1 cm 2 s À1 . Filled green symbols represent variations of the R sed :R wc ratio from the reference value of 3:2 [Lehmann et al., 2009] ; open green symbols represent the maximal and minimal variations of the total respiration at a fixed R sed :R wc ratio of 3:2 [Lehmann et al., 2009] ; open black symbols encompass the range of measured values by incubations for benthic respiration and ETS for pelagic respiration; filled yellow symbols represent the sensitivity for an along channel variable benthic respiration (F O2 = f(x) defined from the diagenetic model of Benoit et al. [2006] , the function is plotted on Figure 5 ); and filled black symbols represent simulations with either pelagic or benthic respiration alone. reduction of the water column height from Cabot Strait to Station 25 (Figure 6 ), the horizontal velocity increases landward and generates a vertical velocity faster near the sediment-water interface than anywhere else in the water column (Table 1 , equation (4)). As a consequence, the advection of oxygen coming from the North Atlantic Ocean increases landward and upward which displaces the oxygen minimum from the sediment-water interface into the water column, as reflected by the positive slope of the oxygen concentration isopleths along the Laurentian Channel (in the seaward direction) (Figure 8 ). Above the oxygen minimum, where oxygen is supplied by both vertical advection and vertical diffusion, oxygen concentration isopleths have a negative slope along the Laurentian Channel (in the seaward direction). Therefore, the balance between vertical advection and vertical diffusion determines the depth of the oxygen minimum. This finding implies that the physics of the system is mostly responsible for the generation of the dissolved oxygen minimum, and probably for its general geographical distribution pattern.
[28] A vertical distribution of dissolved oxygen similar to that observed along the Laurentian Channel has been reported in a coastal upwelling system off Namibia [Gutknecht et al., 2011] , where the physical processes are known to control the development and intensification of subsurface oxygen-depleted water [e.g., Monteiro et al., 2008 Monteiro et al., , 2011 . Physical processes can affect the dissolved oxygen concentration through either weak ventilation [Czeschel et al., 2011] or remote advection of oxygen-depleted water masses [Bograd et al., 2008] . Physical processes, such as windforcing, can also influence the biogeochemical oxygen demand through the intensification of the upwelling of nutrient-rich water [Monteiro et al., 2006] which promotes primary production [Mohrholz et al., 2008] and, in turn, can lead to eutrophication [Monteiro and Largier, 1999] . Although upwelling at the head of the Laurentian Channel is not physically represented in our model, it is an intrinsic part of the St. Lawrence estuarine circulation system and strongly influences primary production in the surface waters of the LSLE, which, in turn, is ultimately exported to the bottom waters and modifies the strength of the pelagic and benthic oxygen sinks. In contrast to coastal upwelling systems, intensification of upwelling at the head of the Laurentian Channel has been mostly observed in winter [Smith et al., 2006] when the temperature, the ice cover and the low light conditions limit phytoplankton growth. Thus, we believe that the establishment of hypoxia in the bottom waters of the LSLE results mostly from the weak ventilation and the low initial dissolved oxygen concentration in the advected water rather than from an intensification of the biogeochemical oxygen demand, as our model reproduces the hypoxia observed in the LSLE (Figure 8 ) with constant benthic and pelagic respiration rates throughout the Laurentian Channel.
[29] Dissolved oxygen concentrations in the bottom waters of the LSLE have decreased by 50% over the last century [Gilbert et al., 2005] . A concurrent warming of these waters [Thibodeau et al., 2010; Genovesi et al., 2011; Sherwood et al., 2011] suggests that changes in the relative proportions of the cold oxygen-rich LCW and the warm oxygen-poor NACW, whose mixture makes up the bottom waters feeding the Laurentian Channel, modified their properties and played a determining role in the progressive depletion of dissolved oxygen and ultimate establishment of hypoxic conditions in the LSLE [Gilbert et al., 2005] . Gilbert et al. [2005] estimated that one half to two thirds of the oxygen loss in the LSLE could be attributed to modifications of the water circulation pattern on the eastern Figure 10 . Dissolved oxygen budget in the bottom waters of the Laurentian Channel, separated along the dissolved oxygen minimum at 275 m depth. The dissolved oxygen budget is calculated using the reference simulation parameters. Integrated fluxes are in 10 10 mol O 2 yr À1 . The vertical diffusion at the sedimentwater interface was calculated from R sed and integrated over the whole sediment surface area. The error is AE1 Â 10 10 mol O 2 yr À1 .
Canadian continental shelf where LCW and NACW mix, while the remaining third was tentatively ascribed to eutrophication [Gilbert et al., 2005] . Whereas Thibodeau et al. [2006] demonstrated, using geochemical and micropaleontological tracers in the sediment, that primary productivity and the flux of marine organic matter to the seafloor might have increased over the last 30-40 years in the LSLE, Genovesi et al. [2011] , using the same tracers, showed that the organic matter input to the seafloor in the Gulf of St. Lawrence has been nearly constant for the last two centuries while the bottom water dissolved oxygen gradient between Cabot Strait and the LSLE has increased since the turn of the century ($1880-1910) . Genovesi et al. [2011] proposed that the nearly 1.7 C increase in temperature of the waters entering the Laurentian Channel and the resulting increased respiration rates may be responsible for the increasing oxygen gradient in the Gulf of St. Lawrence since the early 1930s [Gilbert et al., 2005] . Likewise, our model results suggest that the horizontal advection of water with lower dissolved oxygen concentration is mostly responsible for the establishment of hypoxic conditions in the Lower Estuary. Since climate models predict the expansion of oxygen minimum zones under global warming conditions [Matear and Hirst, 2003] , the hypoxic zone in the Laurentian Channel may spread from the LSLE to the Gulf. Only long-term monitoring of the LSLE and Gulf of St. Lawrence will allow us to elucidate how the St. Lawrence ecosystem will respond to climate change.
Conclusions
[30] This study examined the role of physical and biogeochemical processes and their relative contributions on the spatial distribution of dissolved oxygen in the bottom waters of the Laurentian Channel, using a simple 2-D advectiondiffusion model. The inclusion of a realistic bathymetry to an earlier model [Benoit et al., 2006] , combined with independently derived benthic and pelagic respiration rates, reproduced the observed geographical distribution of dissolved oxygen concentrations. Spatial changes in the flow velocity of bottom waters, induced by the inclusion of a realistic bathymetry, are mostly responsible for generating the fine-scale vertical distribution pattern of dissolved oxygen and, more importantly, the presence of a mid-water column oxygen minimum, while benthic and pelagic sinks only influence the intensity of the oxygen minimum. Our simulations of bottom water oxygen concentrations and distribution pattern along the Laurentian Channel show that the system is much more sensitive to physical than biogeochemical processes and demonstrate that the oceanographic conditions at the continental shelf edge, where Laurentian Channel bottom waters originate, and the circulation within the Channel are mostly responsible for the establishment of hypoxic conditions in the Lower Estuary.
